Glycoprotein quality control system exists in the endoplasmic reticulum and discriminates and excludes misfolded glycoproteins. The key component of this system is UDPglucose : glycoprotein glucosyltransferase (UGGT), which serves as a folding sensor as it can only monoglucosylate misfolded glycoproteins. Monoglucosylation serves as a tag for refolding assisted by lectin chaperones calnexin/calreticulin. To elucidate the recognition mechanism of misfolding by UGGT, various sophisticated misfolded glycoprotein models have been reported. Variety of model glycoproteins can be prepared by biological approaches although those are usually heterogeneous in both glycan and protein structures. Recently, we introduced a chemical approach for the synthesis of homogeneous misfolded glycoprotein. Chemical method can provide small glycoproteins but
ing process mainly occurred in the endoplasmic reticulum (ER).
In the ER, a number of enzymes, chaperones, and cargo receptors constitute a quality control system, and specific oligosaccharide structures are recognized by these components (2-7) ( Fig. 1 ). Among these components, calnexin/calreticulin (CNX/ CRT) is ER-resident lectin chaperones which specifically bind to glycoproteins bearing monoglucosylated high-mannose type glycans, most typically Glc 1 Man 9 GlcNAc 2 (G1M9), and assist their folding, with the aid of associated oxidoreductase ERp57 which catalyzes the formation of disulfide bonds. Glucosidase II removes the residual glucose residue to convert glycoproteins to non-glucosylated glycoforms such as Man 9 GlcNAc 2 (M9). At this stage, natively folded glycoproteins transit from the ER to the Golgi compartment. However, incompletely folded glycoproteins are trapped by UDP-glucose : glycoprotein glucosyltransferase 1 (UGGT). UGGT is a large monomeric protein consists of approximately 1600 amino acid residues with at least two structural domains. The N-terminal domain composes 80% of the protein and it is thought to recognize nonnative conformers, and the C-terminal catalytic domain which composes around 20% of the protein displays significant structural similarity to members of glycosyltransferase family 8 (8) . UGGT plays a role as the "folding sensor" in the ER by virtue of its ability to recognize incompletely folded glycoproteins (9, 10) . It transfers a glucose residue from UDP-glucose to high-mannose type oligosaccharides (e.g. M9)
to form monoglucosylated glycoforms (e.g. G1M9) only when protein folding is immature so that misfolded glycoproteins can engage in iterative interaction with CNX/CRT to maximize their proper folding. UGGT is a key element in this process because it can "sense" the folding state of glycoproteins. However, the mechanism underlying this ability is still unclear. In this review, we focused on various misfolded glycoprotein models bearing high-mannose type N-glycans, which were generated biologically and/or chemically, and used to elucidate how UGGT can discriminate native structure from misfolded structure. Interestingly, non-proteinic substrates of UGGT (11, 12) were also employed to investigate recognition mechanism of UGGT and additional reading of reviews concerning these sophisticated researches is encouraged (7, 13, 14) .
B. UGGT Assay and Analytical Methods to Characterize Glycoproteins
The most frequently used assay for UGGT is based on the incorporation of radioactive donor substrate, UDP-[ 14 C]-glucose or UDP-[ 3 H]-glucose into high-mannose type oligosaccharides on unlabeled denatured acceptor glycoproteins, and the amount of incorporated glucose is quantified by liquid scintillation counting (9) . Nondenaturing gel electrophoresis is used to distinguish between native and denatured structure of the substrate glycoproteins. Liquid chromatography-electrospray mass spectrometry can be applied to analyze glucosylation of small glycoproteins and glycopeptides (15, 16) . The amount of incorporated glucose can be estimated from the ratio of the peak intensities of glucosylated and nonglucosylated glycoproteins.
Conformational properties of acceptor glycoproteins are analyzed using several techniques. Circular dichroism (CD) is commonly used to analyze the difference in their secondary structures. Increase of intensity of tryptophan fluorescence indicates the different exposition level of the Trp residue to the solvent as the result of a conformational change. Affinity to 1-anilino-8-naphthalenesulfonate (ANS) is known to be a gauge of the protein surface hydrophobicity, which gives intense fluorescence emission upon binding to hydrophobic patches exposed to the surface of proteins. Previous studies have shown that proteins with partially folded molten globule-like states (17, 18) have the highest affinity to ANS (19) . Susceptibility to proteases and gly- heat the urea-containing solution for 4 h at 60ºC (9) . According to this procedure, we prepared denatured glycoproteins treated with urea at 60ºC and MS analyses of these samples showed multiple peaks, which we presumed to be derived from the side chains of lysine residues reacting with urea. Therefore, it seems to be better to take into consideration that not only the conformation but also the chemical structure of urea-treated denatured glycoprotein might be altered.
Caramelo and co-workers used SBA to study how does UGGT recognize oligomeric proteins (25) . The native SBA homotetramer is a very poor substrate of UGGT. The authors carefully examined the effect of the concentration of urea on the SBA denaturation step and found that at up to 2 M the SBA monomer maintains its native structure while the tetramer dissociates to the monomer. The monomer with native structure was a substrate of UGGT and the authors suggested that the solvent exposed hydrophobic interface between subunits was recognition motifs.
Zapun and co-workers prepared several conformers of RNase B (24) . Unfolded RNase B (U-RNase B) was obtained by denaturation, reduction and alkylation of reduced cysteine residues with N-ethylmaleimide (NEM) or iodoacetamide and these were substrates of UGGT. They also generated a mixture 
C-2. Modified Glycoproteins
Trombetta and Helenius introduced RNase BS system (27) which is different from fully denatured system discussed above. 
C-3. Glycoproteins Expressed in Engineered Yeast
Natural glycoproteins consist of several glycoforms where the M9 glycoform is usually very small because high-mannose type N-glycan is quickly processed to complex or hybrid type Nglycans. Thomas and co-workers prepared genetically engineered yeast to obtain glycoproteins having M9 as a major glycoform (15, 20, 30) . Saccharomyces cerevisiae strain DT111 has three deleted genes, mnn1, och1, and mns1, which are responsible for adding mannose to M8 and converting M9 to M8, therefore M9 Glycopeptides derived from proteolytic digestion of these glycoproteins were also examined as substrates of UGGT (15) .
Out of a mixture of such glycopeptides analyzed by µLC-ESI-MS, 24 were found to be glucosylated by UGGT with different degree of glucosylation. By examination of their amino acid sequences, the authors concluded that glycopeptides having hydrophobic amino acid residues seems to be better substrates of UGGT but they could not identify any preferable sequence.
C-4. Glycan Modif ication by Chemoenzymatic Method
Wang and co-workers reported glycan modification of 
C-5. Neoglycoproteins
Sousa and Parodi prepared neoglycoprotein by modifying proteins with glycopeptides having high-mannose type oligosaccharide, which was derived by progressive digestion of Tg by pronase (26) . A neoglycoprotein prepared from β-lactoglobulin was a substrate of UGGT whereas the glycopeptides and β-lactoglobulin alone were not. Other neoglycoproteins were prepared from starting full-length or truncated Staphylococcal nuclease. Neoglycoprotein based on the full-length nuclease was a poor substrate of UGGT, however, the truncated versions, which has a similar secondary but a different tertiary structure, were efficiently glucosylated. Parodi and co-workers also reported the preparation of neoglycoprotein derived from chymotrypsin inhibitor 2 (CI2) to address the structural determinants of UGGT substrates (32, 33) . CI2 is a small protein consists of 64 amino acid residues. Growing the protein from its N-terminus, it results in a disordered structure until 40 residues, then starting to arrange in an organized secondary and tertiary structure with the formation of the final native structure which relied on the presence of the C-terminal last three residues, involved in a critical salt bridge. 
D. Chemical Approaches
As mentioned in the previous section, a variety of sophisticated misfolded glycoprotein models prepared by biological approaches were employed for the study of the recognition mechanism of UGGT. However, they are heterogeneous in glycan structures, and, probably, in their folding states as well.
In consequence, well-characterized homogeneous glycoproteins, in both folded and misfolded forms, are expected to be highly powerful in getting clear insights into UGGT's unique specificity. To obtain homogeneous glycoproteins, chemical synthesis has become an alternative method because of its dramatic advance in recent years (34) (35) (36) (37) . Therefore, we examined the first chemical synthesis of "stably misfolded" and homogeneous glycoproteins and demonstrated their usefulness as chemical tools for exploring the mechanism of substrate specificity of UGGT (16) .
We selected interleukin-8 (IL-8), which is not naturally glycosylated, as a model glycoprotein based on the following: (i) its tertiary structure has been well studied by X-ray crystallography Fig. 4 , folding intermediates having one disulfide bond, formed in the beginning, then transformed into four products which were respectively assigned to be native, two misfolded monomers, and misfolded disulfide-linked homodimer ( Fig. 3 ).
Because these misfolded homogeneous glycoproteins were formed during disulfide bond formation, they may well mimic the non-native conformers in the ER. Subsequently, synthetic native and misfolded M9-IL-8 glycoproteins were examined as substrates of UGGT (Fig. 5a ). Glucose transfer was clearly ob- served for misfolded M9-IL-8 derivatives by LC-MS (Fig. 5b) , whereas glucosylation of the native M9-IL-8 was not observed.
Interestingly, the misfolded dimer was far more reactive than the misfolded monomer ( Fig. 5a ). Even though native and misfolded M9-IL-8 glycoproteins shared exactly the same peptide and oligosaccharide sequences, UGGT clearly exhibited clear substrate preference. Structural characterizations of glycoproteins were carried out using far-UV CD spectra and ANS binding. CD spectra of misfolded glycoproteins showed markedly different shape, suggesting that they are forced to a non-native secondary structure by formation of non-native disulfide bonds (Fig. 5c ).
ANS binding was clearly observed only for the dimer, but not The model for native structure was prepared based on PDB (3IL8) and hydrophobic residues were colored in red (dark gray in the printed version). Model for misfolded structure is an "imaginary model" emphasizing the exposure of hydrophobic patch on protein surface upon misfolding. Graphics were prepared using Pymol (http://www.pymol.org/). for native and misfolded monomer, indicating that dimer had the surface exposed hydrophobicity to the largest extent (Fig. 5d ).
These results clearly showed that UGGT not only discriminates native from misfolded conformers but also it has structural preference between misfolded conformers. Close correlation between the substrate preference of UGGT and the affinity of ANS to the glycoproteins strongly supports the proposed propensities of UGGT and ANS, both of which have the highest affinity to molten globule-like conformers (32) . X-ray crystallographic structure of native IL-8 showed that most of the hydrophobic residues are buried inside of the protein (Fig. 5e ), and some of these hydrophobic residues may be exposed to the surface of the misfolded conformers forming hydrophobic patches, which has been suggested to be a recognition motif of UGGT. As described in this section, we could clearly show that UGGT has the ability to recognize subtle conformational differences among glycoproteins using homogeneous glycoproteins obtained by chemical synthesis.
E. Perspectives
The glycoprotein quality control system is essential in maintaining viability of cells and organisms by ensuring the efficient synthesis of functional glycoproteins as well as by avoiding the accumulation of misfolded glycoproteins. UDP-glucose : glycoprotein glucosyltransferase is an essential enzyme in this system because it is, so far, the only established component which plays a key role in discriminating native and misfolded glycoproteins.
The recognition mechanism of UGGT is very intriguing because it can accept broad glycoproteins with nonnative structures but sharply rejects glycoproteins with native structures. Misfolded glycoprotein models referred in this review provided plenty of insights to elucidate the unique substrate preference of UGGT.
We now introduced chemical synthesis in this field. By this approach, we can design and synthesize misfolded glycoprotein probes by using the ability of chemical synthesis to introduce various glycans and non-natural substituents. Such glycoprotein probes will lead us to understand the molecular mechanism underlying the unique substrate specificity of UGGT and other lec- 
